The usage of thermography as an effective condition monitoring tool for performance evaluation on spark-ignition engine has been discussed. The technique allows for the monitoring of temperatures and thermal patterns while the equipment are running under loaded condition. The experiments have been conducted on petrol engine to acquire thermographs of the exhaust pipe under different loads with different diameters of the exhaust pipe to provide condition for soot formation. The heat transfer analysis was carried out using properties of CO 2 for three different flow areas by inserting metallic tubes of known thickness in the exhaust pipe. The paper emphasises that soot formation will reduce the flow area which will result in increase in the surface temperature and the thickness of soot layer can be further correlated with the running performance of the engine.
INTRODUCTION
Infrared (IR) thermography is being targeted as a versatile tool for condition monitoring of equipments 1, 2 . Infrared imaging helps to quickly and efficiently find the areas maximum in need of maintenance. The infrared thermal imaging method utilises the radiations in the infrared spectral band from measured objects to measure temperature. It is non-intrusive, applicable remotely, and suitable for measurement 3 of a large area, and can also serve to record data for subsequent storage and further processing by a computer. Ay 4 , et al. used an infrared thermal imaging camera to observe the surface temperature of a plate finnedtube heat exchanger and calculated the local heat transfer coefficient. The aim was to maintain the equipments by evaluating its performance at specific time intervals. IR thermography on equipments show the surface thermal patterns which are a consequence of internal conditions. Using heat transfer analysis 5 , the internal conditions can be evaluated to show the external surface conditions.
The purpose of this study was to determine the applicability of IR thermography as a condition monitoring tool for spark-ignition engine and to draw an analogy between the operating condition and excessive soot formation in the exhaust manifold of the engine.
INSTRUMENTATION
A portable thermal imaging camera (EEV make, Model P 4430) was used to record thermal image of spark-ignition engine exhaust pipe. It incorporates a video output which can be used for direct thermal image recording to a computer. The P4430 is a hand-held thermal imaging camera with pyroelectric videocon detector having spectral response of 8-12 µm. It is a self-contained battery/ac power-operated unit incorporating a miniature display monitor and can be fitted with interchangeable lens (focal length 50/75 mm f 0.8 NOM lenses) and angle of view 17/11 deg, i.e., FOV, defined in combination with lens used. The equipment is for general thermal imaging applications and gives monochrome thermal pictures. The external video signal is 1 volt 625 lines 50 Hz (CCIR compatible) or 525 lines 60 Hz (optional), 30 frames/sec, and 200 lines per picture height for a temperature difference of 2 °C (chopped) and 1 °C (panned). A personal computer having Q motion card for image acquisition and WINVIDEO with Windows operating system has been used. An IR thermometer gun OPTEX THERMO-HUNTER make (Model Q185) was used for direct temperature reading of the object surface having provision of emissivity adjustment. The temperatures was measured using T type thermocouples. For this, a data acquisition (DA) system using GENIE software comprising ADAM 4018, with inbuilt signal conditioning for thermocouple input and analog-to-digital converter, and ADAM 4520, for interfacing ADAM-4018 with PC, data acquisition modules (M/S Advantech, USA), was used.
The camera was calibrated with a hot plate (top surface cast iron) having built-in heater and temperature controller and surface temperature was measured with t type thermocouples, placed on the top surface, and IR temperature gun for calibration and comparison purpose.
The temperature scaling of the thermographs have been done by interpolating the gray scale value of the portion of the image to the temperature range, as obtained by the infrared thermometer.
EXPERIMENTS ON PETROL ENGINE
Experiments were carried out on a 0.2 l fuel-injected SI gasoline engine, Make Shriram Honda. Block schematic of experimental setup is shown in Fig. 1 . Experimental tests were carried out at the engine test bench using infrared thermography. The exhaust gas temperature was measured at both the inlet and outlet of the exhaust pipe and an average value at different loads was taken for properties evaluation. The thermal images with different internal diameter at different loads are shown in Fig. 2 . The thermography data made it possible to compare the surface temperature of the exhaust pipe at different engine loads with values calculated using the heat transfer theory. These calculations have been based on following assumptions. Largest component of the exhaust gases is assumed CO 2 , hence the properties of carbon dioxide are used for exhaust flow analysis.The properties were interpolated based on equations as derived from the tabulated values.
EXHUAST GAS TEMPERATURE AND RATE MEASUREMENTS
The exhaust gas temperature was measured using thermocouple both at the inlet and the outlet of the exhaust pipe. The readings were taken for three different areas and an average estimation was made for properties evaluation.
The calculated values are given in Table 1 .
The exhaust flow rate was evaluated using following relation.
For the air flow, the orifice method was used. The air entering the engine passes first through an orifice plate and the pressure drop across the orifice plate gives the measure of the air flow rate using the following relation:
where C d = 0.64 (coefficient of discharge of orifice), A o = 0.00017671 m 2 (area of orifice) and r air = 1.178 kg/m 3 (density of air).
where r w = 1000 kg/m 3 , DH = Vertical difference in fluid levels (m), g = 9.81 m/s 2 (gravitational acceleration) The fuel flow is measured using a pipette of 100 ml capacity. The fuel flow rate is calculated using following relation:
where, V f = fuel (ml), r fuel = density of fuel (780 kg/m 3 ), and t = time (s). The various flow rates for different loads is tabulated in Table 2 using above relations. 
Carbon Dioxide (CO 2 ) Properties Estimation
To estimate CO 2 properties at specified temperatures, an empirical relationship was used from the data 6 and a relationship was drawn using Microsoft Office Excel by regression analysis to derive the properties at various temperatures. The relationships for density, conductivity, viscosity, and Prandtl number are as follows: The relationships have the accuracy of about 2 per cent. The results are tabulated in Table 3 .
THERMAL RESISTANCE CALCULATIONS
For the experiment, a hollow cylinder of inner diameter 25 mm, thickness 6 mm, and length 300 mm was considered. It was assumed that the heat flows only in radial direction, so that the only space coordinate needed to specify the system is radius r. The surface temperature was evaluated for three different flow areas based on the analogy that reduction in area was due to excessive soot formation and the soot was evenly distributed along the inner surface of the exhaust pipe. In this experiment, two metallic tubes of thickness 1.25 mm in lieu of soot layer were used to give reduced flow area for the exhaust gas. Though, the thermal conductivity of the tubes was higher as compared to soot, the thermal resistance across the tubes, and subsequent temperature drop was very less and this difference can be ignored for the analysis. Table 4 . The temperature drop across pipe of different diameters was calculated for evaluation of T surf . The surface temperature of the pipe is evaluated using thermocouples and IR temperature gun at different points and then an average value is considered for comparison with the measured surface temperature and the results have been tabulated in Table 5 .
RESULTS
The values. By taking the surface temperature values as obtained by thermocouples, it can be estimated that at higher loading of 800 W for the given engine, there exists a temperature increase of approximately 12 o K per mm of soot formation. The temperature rise is mainly due to the reduction in flow area as analysed using the properties of CO 2 .
CONCLUSIONS
The thermographs of reduced flow area are brighter at corresponding loads as reduced area decreases high temperature heat transfer coefficient, the resistance of soot layer increases with increase in thickness. Hence an analogy can be drawn that the excessive soot formation (which can be further attributed to different engine running conditions) leads to reduced flow area and the same can be interpreted with the increase in temperature on the outer surface exhaust pipe. By taking the surface temperature values as obtained by thermocouples, it can be estimated that at higher loading of 800 W for the given engine, there exists a temperature increase of approximately 12 o K per mm of soot formation. The temperature rise is mainly due to the reduction in flow area as analyzed using the properties of CO 2 . The thermal imaging at specified interval of engine running hours can be effectively used to see the variation in surface thermal pattern at prescribed load and at prescribed point and a general impression about the running of engine can be estimated. 
